The cast Co5.6 mass% Cu and Co13.6 mass% Cu alloys were subjected to severe plastic deformation (SPD) by the high-pressure torsion (HPT). The HPT treatment drastically decreases the size of the Co grains (from 20 µm to 100 nm) and the Cu precipitates (from 2 µm to 10 nm). The metastable fcc-Co disappeared, and supersaturated Co-based solid solution present in the as-cast alloys completely decomposed after HPT. Only the phases stable below 400°C remained after severe plastic deformation (i.e. almost pure hcp-Co and fcc-Cu grains). The applicability of the concept of effective temperature originally developed for materials under irradiation for the SPD-accelerated diffusion is discussed.
Introduction
The objective of this work is to prove whether the concept of effective temperature is applicable to the severe plastic deformation (SPD). This concept was originally developed for the materials under strong irradiation. SPD is a novel technique for materials processing. It allows producing bulk nanomaterials. In addition to significant grain refinement, SPD also causes phase transformations in the material during treatment (at ambient temperature and during short processing times). 1) SPD can induce the formation 210) or decomposition 1113) of a supersaturated solid solution, dissolution of phases, 1526) disordering of ordered phases, 1729) amorphization of crystalline phases, 3038) synthesis of the lowtemperature, 19, 26) high-temperature 3941) or high-pressure 4246) allotropic modifications, and nanocrystallization in the amorphous matrix. 4754) Some of these phase transformations are associated with small atomic displacements, while the others are controlled by the long-range atom transport. The results of such SPD-driven transitions cannot be explained by neither bulk nor grain boundary diffusion at the SPD temperature. A new explanation is needed for the SPD-driven accelerated mass transfer.
The experimental part of this work is devoted to the investigation of high pressure torsion (HPT) of the supersaturated CoCu alloys. Co and Cu form a simple peritectic system with rather large Cu solubility of about 12 mass% at the peritectic temperature T per = 1112°C. 55) Below 400°C the solubility of Cu in Co is negligible. Co has two allotropes, namely the face-centered cubic ¡-Co, stable above 422°C and the hexagonal closely-packed ¾-Co, stable below 422°C. Using the example of fast decomposition of supersaturated solid solution of Cu in Co and simultaneous ¡-Co ¼ ¾-Co transformation we demonstrate that the concept of effective temperature originally developed for materials under irradiation is also applicable to the SPD. We calculated the values of effective temperature for the SPD data published in Refs. 1151). We demonstrate also that the concept of effective temperature allows a prediction of the structure and composition of phases formed during SPD.
Experimental
CoCu alloys containing 13.6 and 5.6 mass% Cu were prepared by the vacuum induction melting of the high purity components (5N Co and 5N5 Cu). The high purity Co (delivered by Goodfellow) and Cu (delivered by PPM Pure Metals) were sawed into pieces, chemically etched, weighted and placed into the induction melting machine EL 1100 (HF generator 0.8 MHz, 25 kW) under the vacuum of 10 ¹4 Pa. The initial materials were inductively heated up to the temperature well above the melting point of Co and kept melted about 10 min in order to ensure the complete and uniform mixing of the components. The melt was poured in the vacuum into the water-cooled cylindrical copper crucible of 10 mm diameter. After sawing, grinding, and chemical etching, the 0.7 mm thick disks cut from the as cast cylinders were subjected to HPT in a Bridgman anvil type unit (room temperature, pressure 6 GPa, 5 torsions, 1 rotation-perminute). After HPT, the central (low-deformed) part of each disk (about 3 mm in diameter) was excluded from further investigations. The samples for structural investigations were cut from the deformed disks at a distance of 45 mm from the sample center. For this distance the shear strain is ³6. Scanning electron microscopy (SEM) investigations were carried out in a Tescan Vega TS5130 MM microscope equipped by the LINK energy-dispersive spectrometer produced by Oxford Instruments. Using the same equipment, the composition of various structural elements in as-cast samples was controlled with the aid of electron probe microanalysis. X-ray diffraction (XRD) data were obtained on a Siemens diffractometer (Fe K¡ radiation). Transmission electron microscopy (TEM) investigations were carried out on a JEM4000FX microscope with an accelerating voltage of 400 kV. Grain size was estimated by the XRD line broadening and using the Scherer formula. 56) 
Results
The as-cast alloys prior to the HPT-treatment exhibited a coarse-grained microstructure. They consisted of a supersaturated (Co) solid solution containing 5 and 12 mass% Cu, respectively, and of (Cu)-precipitates. The SEM micrograph in Fig. 1(a) shows the morphology of (Co) and (Cu) grains. The grains in the (Co) matrix [appear dark-grey in Fig. 1(a) , different grains have slightly different color] are elongated perpendicular to the axis of the cast cylinders. The length of (Co) grains is about 100200 µm long, their width is ³20 µm. The (Cu)-precipitates [appear light-grey in Fig. 1(a) ] can be found mainly in the (Co)/(Co) grain boundaries. The width of (Cu)-precipitates is ³2 µm, their length is about 220 µm. The morphology of the (Cu)-precipitates depends on the temperature, it is governed by the grain boundary (GB) wetting by a second solid phase and has been discussed elsewhere.
57) The Cu content in (Co) solid solution was measured using the electron probe microanalysis. It has been also estimated by the XRD measurements of (Co) lattice constant using the available tabulated data. Both alloys first solidify as a (Co) solid solution. The (Cu)-phase starts to precipitate from the (Co) phase at 1100°C in the Co 5.6 mass% Cu alloy and at 970°C in the Co13.6 mass% Cu alloy, according to the CoCu phase diagram. 55) Cu precipitated as elongated particles in the (Co) GBs. The amount of (Cu)-phase is higher in the Co13.6 mass% Cu alloy, compared to that of the Co5.6 mass% Cu alloy. According to the XRD data the Co-matrix is a mixture of metastable fcc ¡-Co and stable hcp ¾-Co [Figs. 2(a), 2(b)]. The intensity ratio of fcc ¡-Co and hcp ¾-Co diffraction lines [ Fig. 2(a) ] shows that the majority of grains in the Co-matrix are those of fcc ¡-Co (about 90%). The bright-field TEMmicrograph in Fig. 1(b) shows the microstructure of such fcc ¡-Co grain [the respective electron diffraction pattern is in Fig. 1(c) ]. The bright-field TEM-micrograph in Fig. 1(d) shows the microstructure of such fcc ¾-(Co) grain [the respective electron diffraction pattern is in Fig. 1 According to the shift of XRD peaks, the concentration of Cu in the Co-matrix after HPT is below 0.2 mass% in both alloys. Instead of supersaturated (Co) solid solutions, almost pure hcp ¾-Co is formed, which is an equilibrium phase below about 400°C, according to the CoCu phase diagram.
55) It should be noted that under "normal" processing conditions (i.e. conventional casting) the fcc-hcp transformation in Co is suppressed due to the kinetic reasons.
Discussion

Accelerated diffusion in CoCu alloys
The HPT of the as-cast Co13.6 mass% Cu and Co 5.6 mass% Cu alloys led to the formation of phases which are stable between room temperature and 400°C. The phases which are unstable or metastable below 400°C disappeared. Moreover, the supersaturated Co-rich solid solutions completely decomposed after 300 s of HPT treatment at room temperature. It means that HPT forced not only the fcc-hcp phase transformation in Co but also the extremely fast diffusion processes. The fcc ¡-Co and hcp ¾-Co differ in stacking order of the closely-packed atomic planes. Therefore, the ¡ ¼ ¾ transformation can proceed by the propagation of Shockley partial dislocations on every second (111) plane of ¡-Co. 58) One can easily imagine such a process being driven by the severe shear produced by HPT. A simple estimate demonstrates that a plastic shear strain higher than 0.35 is capable of fully transforming ¡-Co into hcp ¾-Co. However, the decomposition of the supersaturated (Co) solid solution definitely needs the long-range diffusion of Co or Cu atoms. The diffusion can proceed through the bulk of material or along GBs and their triple junctions. The shortest diffusion path is half the distance, L, between fine Cu-particles in the as-processed Co alloys, namely 20 nm. All other possible diffusion lengths in the studied alloys are larger than 20 nm. For the bulk diffusion as a possible mechanism of the HPTforced decomposition of the supersaturated solid solution, the simplest estimate is L/2 = 2(D HPT t) . 59) This discrepancy of more than 22 orders of magnitude clearly indicates that the HPT treatment accelerates the atomic diffusion inside the processed material, probably due to intensive vacancy generation during deformation. These excess vacancies cannot be produced by conservative glide of Shockley partials. Therefore, a cross-slip and intensive interaction of dislocations occurs during HPT. The excess vacancies are produced as a result of dislocation reactions.
Effective temperature in the driven systems
Phase stability in driven systems is an important problem motivated both by its scientific interest and technological relevance. Atom movements caused by strong external forces can drive both accelerated diffusion and phase transformations in the material. Historically, such unusual behavior was first observed in the materials under severe irradiation. 60) G. Martin proposed the simplified mean-field description of solid solutions subjected to irradiation-induced atomic mixing. 61) His main idea was that the forced mixing induced by irradiation emulates the increase of entropy and changes the thermodynamic potentials in the alloy. In a simple case of regular solution in the Bragg-Williams approximation a law of corresponding states was formulated: The equilibrium configuration of the solid under irradiation flux ¤ at temperature T is identical to the configuration at ¤ = 0 and a certain effective temperature 
If the irradiation-driven movements of atoms are similar in amplitude to conventional diffusion jumps, they can be described by the "ballistic" diffusion coefficient D ball and ¦ = D ball /D b , where D b is conventional bulk diffusion coefficient, possibly increased due to the non-equilibrium defect concentration. 61) It means that one can use the equilibrium phase diagram for the description of the system under irradiation, but at T eff instead of the actual temperature T. For example, if the liquid phase is present in the phase diagram at T eff , the amorphous phase would appear under irradiation. 61, 62) Later the approach based on a competition between cascade mixing and thermally activated demixing was further developed and extended.
6365) Several authors observed also that many reactions are not governed by purely thermal effects. Rather, their observations suggest the occurrence of coupled mechanical and chemical effects like in cases of allotropic transformation of fcc cobalt powders to the hcp phase, 66) formation of supersaturated solid solutions, 67, 68) amorphization, 69) and nanocrystallization of amorphous alloys 70) during ball milling (mechanical alloying). The powder particles during ball milling collide stochastically with each other and with milling bodies. The main deformation mode is the periodical compression. The degree and type of plastic deformation introduced in the material is difficult to control. Later a number of severe plastic deformation techniques were developed, in which the main deformation mode is a simple shear. 71, 72) For example, HPT, equal channel angular pressing (ECAP) and twist extrusion (TE) allow introducing a controlled (and practically unlimited) amount of shear strain in the material, which is quite important for the development of the physical model of the process. 71, 72) However, the numerous phase transformations observed under HPT, ECAP or TE do not follow, on the first glance, any simple regularities. In this paper we will demonstrate that the approach based on the Martin's model can explain and also predict the behavior of the materials subjected to the severe plastic shear.
Applicability of the concept of effective temperature
for the SPD-driven diffusion In the present work we observed a complete (or almost complete) transformation of the fcc ¡-Co into hcp ¾-Co. On the other hand, in a number of other works an incomplete transformation, or even a reverse ¡-¾ transformation at large strains were observed. 73) In this work the high pressure torsion of the CoCu alloys leads to the (1) full decomposition of the supersaturated (Co) solid solution, and to the (2) formation of low-temperature Co allotrope. The hexagonal closely-packed ¾-Co is stable below 422°C. The face-centered cubic ¡-Co, stable above 422°C completely disappears during HPT. The phases remaining in the studied alloys after SPD (pure ¾-Co and Cu) can be found in the equilibrium CoCu phase diagram below 422°C. In order to exclude this uncertainty in the T eff , and because of the very high diffusivity during SPD (see Section 4.1), we set the effective temperature of the HPT treatment of this system close to the equilibrium ¡¾ transformation temperature, i.e. T eff = 400°C. The large initial Cu precipitates in the as cast alloy completely disappeared after HPT. It means that the intensity of forced mixing caused by shear strain is comparable with that of the diffusion-controlled precipitation. In other words, the Martin's approach is applicable. 61) We can further check the applicability of the Martin's law (1) to the forced diffusion driven by pure shear deformation. For this purpose, the experiments where HPT led to the phase transformations have been analyzed. We found the data in the literature where (i) HPT was performed in similar conditions at 46 GPA with 46 torsions, (ii) the phases appeared after HPT were different from those before HPT and (iii) the phases before and after HPT can be easily localized in the phase diagrams.
The composition of the phases after SPD allows to localize those phases in the respective equilibrium phase diagram and to estimate the effective temperature T eff . Such a schematic diagram is shown in Fig. 4 . The data concerning different alloys and used for drawing this scheme are given in the Table 1 . In Fig. 4 This undercooled supersaturated solid solution in the metastable £-phase is HPT-treated in the point a. After HPT the almost Table 1 Parameters of the Martin law for SPD (Fig. 4) . T eff values are calculated in this work. Respective symbols for the phases before and after HPT (from Fig. 4 allotropic modifications, and nanocrystallization in the amorphous matrix. 74) Indeed, the extremely high excess vacancy concentration, which is usually achieved at thermal equilibrium near the melting point, was observed in situ during HPT of Cu using highenergy synchrotron light. 75) Thus, this enhancement factor provides an upper bound for the diffusion acceleration caused by the non-equilibrium vacancies produced by HPT. In (1) properly describes the behaviour of various alloys subjected to HPT. For our compilation, we only selected the experimental data from the works, in which the HPT treatment with similar processing parameters was employed (simple shear, 46 GPa pressure, 57 torsions). In this case one can expect that D HPT is also similar in all experiments. It is because the physical mechanism of the intermixing induced by plastic shear is a roughening of the bi-material interface, which is kinematic in nature (i.e. controlled mainly by slip geometry), and is a weak function of the other material constants. 76 ) Physical meaning of a plot in Fig. 5 is very simple: if the coefficient of conventional diffusion D b is low at the temperature of HPT treatment, the ratio D HPT /D b is high, and T eff is also high. However, it is remarkable that the points in Fig. 5 group along two separate straight lines. The difference between these two lines is about 1015 orders of magnitude. Most probably it is because the HPT-forced intermixing of atoms can be either uniform throughout the whole volume, or localised. For example, the deformation-induced intermixing may be localised along certain GBs, which exhibit an ultrahigh diffusivity in the radiotracer experiments performed after SPD. 77) Two lines in the Martin's plot (Fig. 5 ) could be the evidence of the localized high diffusivity along the short-circuit diffusion paths formed during SPD.
The main idea of the Martin's approach is that the external influence on a material changes its thermodynamic potentials. 61) It means that the state of the material being under the external influence should be described by a new, nonequilibrium phase diagram. In case of irradiation, the material is not far from equilibrium, the forced atomic movements are similar to those during conventional entropy-driven diffusion, and the system can easily be described by an equilibrium phase diagram, however, not at the treatment temperature, but at a certain effective temperature T eff . 62, 63) In case of SPD, it is already not so obvious that the deformation-driven atomic movements are similar to the atomic diffusion jumps. It means that the applicability of a central Martin's equation (1) becomes questionable. Nevertheless, the main idea of the Martin's approach remains valid. In other words, the external influence on a material (deformation, stresses, collisions, high concentration of defects like vacancies, interstitials, dislocations, disclinations etc.) changes the phase diagram drastically. The problem is that this (changed) phase diagram is unknown, and the only instrument which remains in our hands is still the equilibrium phase diagram. And even when the Martin's approach is not exactly applicable, we still are able to find the phases, appeared after SPD, in the equilibrium phase diagram and assign them a certain "effective temperature". Such attempt has been performed in this work, and it is visible, indeed, that if the conventional diffusivity is low, the phases formed during SPD can be found at high T eff . Visa versa, if the conventional diffusivity is high, the T eff is low and close to the SPD temperature.
Conclusions
(1) The high pressure torsion of the CoCu alloys leads to the full decomposition of the supersaturated (Co) solid solution and to the formation of low-temperature Co allotrope, namely the hexagonal closely-packed ¾-Co, stable below 422°C. The face-centered cubic ¡-Co, stable above 422°C completely disappears during HPT; (2) the phases remaining in the studied alloys after SPD (pure ¾-Co and Cu) can be found in the equilibrium CoCu phase diagram below 422°C; (3) the structure and composition of phases remaining in the other alloys after SPD also permit to attribute to SPD process a certain effective temperature T eff by comparing the structure and composition of phases formed after SPD with those determined from an equilibrium phase diagram; (4) it is because, like in the case of irradiated materials, the SPDdriven atom movements can modify the parameters of phase Table 1 ) plotted in Martin's coordinates.
equilibrium in the material during processing, and those changes in turn are equivalent to the increase of the temperature; (5) the T eff scales inversely with the bulk diffusivity; (6) there are two different mechanisms of SPDdriven diffusion (most probably, the atom movements can be homogeneous throughout the bulk, or highly localized in certain grain boundaries); (7) thus, the concept of effective temperature originally developed for materials under irradiation is also applicable to the SPD, and this concept allows a prediction of the structure and composition of phases formed during SPD.
